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ABSTRACT: The hydrophobic effect is the major force driving protein folding. Around room temperature,
small organic solutes and hydrophobic amino acids have low solubilities in water and the hydrophobic
effect is the strongest. These facts suggest that globular proteins should be maximally stable around room
temperature. While this fundamental paradigm has been expected, it has not actually been shown to hold.
Toward this goal, we have collected and analyzed experimental thermodynamic data for 31 proteins that
show reversible two-state foldingh unfolding transitions at or near neutral pH. Twenty-six of these are
unique, and 20 of the 26 are maximally stable around room temperature irrespective of their structural
properties, the melting temperature, or the living temperatures of their source organisms. Their average
temperature of maximal stability is 293( 8 K (20 ( 8 °C). These proteins differ in size, fold, and
number of domains, hydrophobic folding units, and oligomeric states. They derive from the cold-loving
psychrophiles, from mesophiles, and from thermophiles. Analysis of the single-domain proteins present
in this set shows that the variations in their thermodynamic parameters are correlated in a way which may
explain the adaptation of the proteins to the living temperatures of the organisms from which they derive.
The average energetic contribution of the individual amino acids toward protein stability decreases with
an increase in protein size, suggesting that there may be an upper limit for protein maximal thermodynamic
stability. For the remaining proteins, deviation of the maximal stability temperatures from room temperature
may be due to greater uncertainties in their heat capacity change (∆Cp) values, a weaker hydrophobic
effect, and/or a stronger electrostatic contribution.

Protein stability varies with temperature, the presence of
chemical denaturants, changes in the solvent, pH, salt
concentration, and buffer composition. For two-state proteins,
the transition from the native (N) to the denatured (D) state
is reversible, with no intermediate states. Their foldingh
unfolding profiles show a high degree of cooperativity. Such
proteins are often small with single domains, are usually
stable over a temperature range, and have a constant (>0)
heat capacity difference between the native and denatured
states within this range. To study the temperature-dependent
thermodynamic stability of a two-state protein, its stability

curve can be plotted using the Gibbs-Helmholtz equation
(1, 2)

where∆G(T)1 is the Gibbs free energy change between the
denatured (D) and native (N) states of the protein at a given
temperatureT, ∆HG is the enthalpy change between the two
states at the melting temperature (TG), and∆Cp is the heat
capacity change between the two states. A positive∆G(T)
indicates that the native state is more stable than the
denatured state of the protein at a temperatureT. Equation
1 provides the value of∆G(T) at T if we know the
experimentally determinedTG, ∆HG, and∆Cp values. These
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1 Abbreviations: TG, heat denaturation (melting) temperature;T′G,
cold denaturation temperature;TS, temperature of maximal protein
stability;∆HG, molar enthalpy change between the native and denatured
states of a protein atTG; ∆SG, molar entropy change between the native
and denatured states of a protein atTG; ∆Cp, molar heat capacity change
between the native and denatured states of a protein;∆G(T), molar
Gibbs free energy change between the native and denatured states of
a protein at a temperatureT; ∆G(TS), molar Gibbs free energy change
between the native and denatured states of a protein atTS; DSC,
differential scanning calorimetry; CD, circular dichroism;r, linear
correlation coefficient; HFU, hydrophobic folding unit.

∆G(T) ) ∆HG(1 - T/TG) - ∆Cp[TG - T + T ln(T/TG)]
(1)
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are obtained from thermal and chemical denaturation using
spectroscopic (CD and Fl) and calorimetric (DSC) tech-
niques.

Examination of a typical protein stability curve shows that
each two-state protein shows a characteristic temperature at
which its thermodynamic stability is maximum (1). This
temperature is given by

Every two-state protein has two transition temperatures where
∆G(T) ) 0 (1, 2). These are the heat (TG) and cold (T′G)
denaturation temperatures. Heat denaturation is driven by
an increase in entropy (3) and cold denaturation by a decrease
in enthalpy (2, 4, 5). Consideration of a two-state model of
the water structure (6, 7) aids in understanding the micro-
scopics of protein denaturation (8, 9). In such a two-state
water model, the first state is the enthalpically favored, icelike
tetrahedrally connected hexagonal hydrogen bonding form
with optimal hydrogen bond networks. The second state is
the entropically favorable, highly fluctuating liquid form. The
proportions of these hydrogen bonding types show a tem-
perature-dependent gradient. At low temperatures, the hexa-
gonal icelike hydrogen bonding type prevails. At high
temperatures, the denser liquid type dominates. At any given
temperature, the water structure is dynamic with hydrogen
bonds continuously formed and broken on a very short time
scale (10). In the temperature ranges whereT e T′G andT
g TG, where the denatured states of the protein are energeti-
cally favorable, the significant changes in the water structure
drive protein denaturation (8, 9, 11). Thus, the hydrophobic
effect is a function of temperature, via changes in the water
structure.

Even though the relative contributions made by the
hydrophobic effect and the electrostatic interactions toward
protein stability are still controversial (12, 13), the hydro-
phobic effect is considered to be the major driving force in
protein folding and binding (14, 15). The hydrophobic effect
similarly explains clathrate formation of small organic solutes
in water. The hydrophobic effect is the strongest around 20
°C. The contribution of the hydrophobic effect to protein
stability decreases at lower and higher temperatures (16).
At room temperature, the enthalpies of dissolution of
nonpolar molecules in water are negative with their magni-
tudes proportional to the accessible surface area of the solute
molecules (17). The entropy of a nonpolar substance in water
is also negative at room temperature, and its magnitude
decreases with an increase in temperature (17). Additionally,
small organic solutes have minimum solubilities around room
temperature. For example, the solubility of hexane is only
2.0 × 10-6 mole fractions, and for benzene, it is 4.01×
10-4 mole fractions at 25°C (17). Figure 1 shows plots of
the solubilities of seven hydrophobic amino acids in water
at different temperatures. All have low solubilities in the
temperature range of 0-30 °C. The solubilities of several
naturally occurring amino acids (Ala, Leu, Asp, Trp, Tyr,
Cys, Glu, Ile, and Val) remain low and almost constant in
this 0-30 °C range (18). These observations imply that a
reversible two-state globular protein with a sufficiently large
hydrophobic core should be maximally stable around room
temperature.

Rees and Robertson (19) have predicted the temperature
of maximal stability for proteins to be∼283 K (10°C) on

the basis of a quadratic function approximation to the Gibbs-
Helmholtz equation. They used parametrization derived from
a survey of protein thermodynamic data by Robertson and
Murphy (20). Using the same data set, they found the proteins
to be maximally stable at 285( 19 K. Ganesh et al. (21)
have observed that the temperatures of maximal stabilities
for mesophilic proteins range between-25 and 35°C.

We have collected experimental thermodynamic data on
31 proteins that show highly reversible two-state foldingh
unfolding transitions at or near neutral pH. Twenty-six of
these proteins are unique, and 20 of the 26 are maximally
stable around room temperature with the average temperature
of maximal stability being 293( 8 K (20 ( 8 °C, range of
1-34°C). This occurrence of maximal stability around room
temperature appears to be independent of the structural details
(number of residues, folds, domains, hydrophobic folding
units, and oligomeric states) of these proteins, their melting
temperatures, and the living temperatures of their source
organisms (psychrophiles, mesophiles, and thermophiles). We
have also obtained correlations among different thermo-

TS ) TG exp[-∆HG/(TG∆Cp)] (2)

FIGURE 1: Plots showing solubilities (grams per kilogram) of seven
hydrophobic amino acids in proteins in water as a function of
temperature (degrees Celsius). Around room temperature, the
solubilities of amino acids are low and remain more or less constant
in the range of 0-30 °C for Val, Leu, Ile, Trp, and Tyr. For Ile
and Val, the solubility data are available up to only 40°C. The
data for these plots were taken for theL-forms of the amino acids
from ref 18.
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dynamic parameters across 12 single-domain proteins. These
correlations suggest that higher melting temperatures could
be achieved by upshifting and broadening the protein stability
curves and that there may be an upper limit to maximal
thermodynamic protein stability.

MATERIALS AND METHODS

Data Collection. We have performed a Pubmed search for
reports containing experimental thermodynamics data on
proteins. The search was supplemented by thermodynamic
data contained in the ProTherm database (22) and that
compiled by Pfeil (23). Our aim has been to collect
thermodynamic data on proteins that exhibit a reversible two-
state foldingh unfolding transition at or near neutral pH
(pH range of 6-8). By restricting the pH values for the
folding h unfolding transition to neutral pH, we are able to
separate the effect of temperature on protein stability from
that of the hydrogen ion concentration in solution. Further,
the thermodynamic data collected here are in the absence of
denaturating agents such as urea or guanidinium hydrochlo-
ride. Circular dichroism (CD) and differential scanning
calorimetry (DSC) are the techniques most widely used in
studies of protein denaturation. Analysis of protein denatur-
ation and renaturation profiles obtained from these studies
has been standardized. These techniques often yield relatively
accurate values of∆HG, TG, and ∆Cp. Hence, we have
restricted ourselves to data reported by experiments using
either CD, DSC, or both. Data from other techniques such
as fluorescence and NMR were taken only when ac-
companied by data from at least one of the two techniques
(CD or DSC). Table 1 contains data on thermodynamic
parameters (TG, ∆HG, and ∆Cp), pH, buffer, and salt
concentration, on the 31 proteins in our database. The
following criteria were used for choosing proteins in our data
set.

(i) EVidence for Two-State Folding BehaVior. We have
accepted the claim of the original authors on the two-state
nature of the folding behavior of the proteins in our database.
This claim is supported either by the presence of isodichroic
point(s) in the CD spectra recorded at the different temper-
atures in the transition region, by a single peak in the DSC
scan, or by both. The extent to which a protein follows the
two-state mechanism can be measured by the cooperativity
ratio, R:

where∆Hcal is the enthalpy change for unfolding determined
by DSC. This enthalpy change value is model-independent.
∆Hvan’tHoff is determined from thermal denaturation experi-
ments using CD spectroscopy. Alternatively, it is calculated
by (24)

whereCp,max is the maximum excess heat capacity atTG and
R is the universal gas constant. The calculation of the
∆Hvan’tHoff value assumes a two-state folding model. Thus, a
value of R close to unity indicates the validity of a two-
state folding model for a monomeric protein (24, 25). In our
database, we have selected proteins where 0.9e R e 1.10,
wherever these statistics are available (24 of 31 proteins).

For 17 proteins in our database, the values ofR lie within
the range of 0.95-1.05. We have also checked for concen-
tration, calorimeter scan rate independence of the protein
folding h unfolding transition, and whether∆Cp is constant.
For 28 of the 31 proteins, the pH values are within the range
of 6.5-7.5, and for 17 proteins, the transitions were recorded
at pH 7.0.

(ii) ReVersibility of the Protein Foldingh Unfolding
Transition. The reversibility of the protein foldingh
unfolding transition can be measured by the reproducibility
of the DSC or CD scans on the same protein sample. All
proteins in our database exhibitg90% reversibility. For 20
proteins, the reversibility isg95%. The accuracy in the
determination of the three thermodynamic parameters used
in this study is indicated by the standard deviations about
the mean values, wherever available.

The data in the literature are frequently reported in SI and
non-SI units. For uniformity, we use calorie as the unit of
energy. The conversion factor is 1 cal) 4.184 J.

Protein Stability CurVes. Using the Gibbs-Helmholtz
equation (eq 1), we have computed and plotted the protein
stability curves for the 31 proteins (Figure 2). Additional
derived thermodynamic characteristics include the entropy
change at the melting temperature (∆SG ) ∆HG/TG), the
temperature of maximal protein stability (TS), the maximal
protein stability [∆G(TS)], and the protein stability at room
temperature. Analyses were performed on 26 unique pro-
teins: R-amylase from psychrophileAlteromonas haloplanc-
tis, DNA-binding protein Sso7d from hyperthermophile
Sulfolobus solfataricus, Thermotoga maritimacold shock
protein (TmCsp),Bacillus subtilishistidine phosphocarrier
protein (BsHPr),λ repressor6-85, barstar, ribonuclease Sa,
ribonuclease T1, ribonuclease A, binase, maltose binding
protein (MBP), odorant binding protein (OBP),Escherichia
coli repressor of primer (ROP), staphylococcal nuclease,
ferricytochromeb562, Arc repressor,T. maritimaglutamate
dehydrogenase domain II (TmGDH domain II), histone
H2A-H2B dimer, CL fragment (residues 109-212) of Igλ,
rat thyroid transcription factor 1 homeodomain (TTF-1HD),
Kunitz type soybean trypsin inhibitor (STI), apoflavodoxin,
thioredoxin, Met J dimer, agglutinin (ASAI), and the
activation domain of human procarboxypeptidase A2
(ADA2h).

Three-Dimensional Structures, Hydrophobicity, Hydro-
phobic Folding Units, and Domains. We have taken three-
dimensional (3D) structures determined by either crystal-
lography or NMR for proteins from the Protein Data Bank
(26). These structures are available for 27 (of 31) proteins
in our database. The hydrophobicity of a protein was
calculated as the fraction of the buried nonpolar area out of
the total nonpolar area, computed by using the methods
described previously (27, 28). A hydrophobic folding unit
(HFU) is a part of the protein structure with significant buried
hydrophobic core, capable of an independent thermodynami-
cally stable existence (27, 28). The HFUs in each protein
were identified using the procedure described by Tsai and
Nussinov (27, 28). Table 2 lists these structures, the number
of HFUs, and the values of hydrophobicity for each protein.
We have used the PDBsum (http://www.biochem.ucl.ac.uk/
bsm/pdbsum/index.html) database for retrieving the CATH
domain assignments for our proteins.

R ) ∆Hcal/∆Hvan’tHoff (3)

∆Hvan’tHoff ) (4RTG
2Cp,max)/∆Hcal (4)
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Table 1: Proteins That Exhibit a Reversible Two-State Nh D Transition at or near Neutral pHa

protein source Nres TG (°C)
∆HG

(kcal/mol)

∆Cp

(kcal mol-1

K-1) pH
buffer and salt
concentration exp. tech. rev. (%) R

R-amylaseb (two domains) A. haloplanctis(psychrophile) 453 43.7 238 8.47( 0.16 7.2 30 mM Mops,
5 mM EGTA

DSC, CD, Fl ∼99 1.06

Sso7dc (one domain) S. solfataricus(thermophile) 62 97.8 63.4 0.62( 0.04 6.5 Tris/Cl-/Mes/K+ DSC, CD 90-98 0.92-0.95
Sac7dd (one domain) Sulfolobus acidocaldarius

(thermophile)
66 90.7( 0.8 58.3( 1.0 0.86( 0.02 7.0 0.3 M KCl DSC, CD 90 1.03( 0.12

Btke (one domain) Homo sapiens 67 80 46.8( 1.9 0.74( 0.05 6.0 DSC, CD >93 0.91( 0.05
TmCspf (one domain) T. maritima(thermophile) 66 82 62.6 1.1( 0.1 7.0 cacodylate DSC 97( 2 0.94( 0.06
EcHPrg (one domain) E. coli 85 63.6( 0.1 75.8( 1.2 1.49( 0.05 7.0 10 mM KPi CD g95
BsHPrh (one domain) B. subtilis 87 73.4( 0.2 58.1( 1.7 1.17( 0.05 7.0 10 mM KPi CD g95
λ repressor 6-85i (one domain) λ phage 80 57.2( 0.1 68.0( 1.0 1.44( 0.03 8.0 100 mM NaCl,

20 mM KD2PO4,
99% D2O

CD, NMR >90

barstarj (one domain) Bacillus amyloliquefaciens 90 72.7( 0.3 72.4( 3.6 1.27( 0.24 7.4 50 mM Na3PO4,
1 mM EDTA,
10 mM DTT

DSC >90 1.05( 0.1

Rnase Sak (one domain) Streptomyces aurefaciens 96 48.4( 0.3 97.4( 4.9 1.52( 0.09 7.0 30 mM MOPS DSC, CD >95 0.99( 0.08
Rnase Sa2l (one domain) St. aurefaciens 97 41.1( 0.3 68.4( 3.4 1.27( 0.06 7.0 30 mM MOPS DSC, CD >95 1.00( 0.03
Rnase Sa3m (one domain) St. aurefaciens 99 47.2( 0.3 93.6( 4.7 1.57( 0.11 7.0 30 mM MOPS DSC, CD >95 0.96( 0.04
Rnase T1n (one domain) Aspergillus oryzae 104 48.9( 0.1 95.5( 0.9 1.59 7.0 30 mM PIPES DSC ∼100 ∼1.00
Rnase Ao (one domain) bovine pancreas 110 61.8 102.3 1.15( 0.09 7.0 10 mM MOPS DSC, ITC ∼100 1.02( 0.02
binasep (one domain) Bacillus intermedius7P 109 57.6 118.5 0.85( 0.23 7.0 10 mM glycine

buffer
DSC ∼100 1.05

maltose binding proteinq (two domains) E. coli 370 63.0 241.4( 7.2 7.9( 1.2 7.4 CGH10 DSC, CD 91 ∼1.0
odorant binding proteinr (dimer with one

domain per monomer)
porcine 149 per

monomer
69.2( 0.3 93.5( 4.1 0.95( 0.33 6.6 10 mM phosphate,

1 mM EDTA
DSC, CD ∼100 0.997( 0.01

ROPs (dimer with one domain per monomer)E. coli 63 per
monomer

71.0( 0.5 138.6( 4.8 2.46( 0.31 6.0 10 mM Na3PO4,
10 mM Na2SO4,
1 mM EDTA

DSC, CD ∼100 1.07

Snaset (one domain) Staphylococcus aureus 149 52.8 96( 2 2.2 7.0 0.1 M NaCl,
25 mM Na3PO4

DSC, Fl 99 1.05

cytochromeb562 (ferri)u (one domain) E. coli 106 67.2( 0.5 94( 5 2.4( 0.4 7.0 100 mM Na3PO4,
0.1 mM EDTA

CD >90

Arc repressorV (dimer with one domain
per monomer)

phage P22 53 per
monomer

54.0 71.0 1.6 7.3 10 mM Tris,
100 mM KCl

CD 90

glutamate dehydrogenase domain IIw

(one domain)
T. maritima (thermophile) 150 69.6 70.2( 4.0 1.4( 0.3 7.5 20 mM Na3PO4,

100µM DTT,
100µM EDTA

DSC, CD 98 0.91

histone H2A-H2B dimerx (one domain
per monomer)

chicken erythrocyte 129 (H2A),
126 (H2B)

63.8 62.1 1.1 7.5 0-140 mM NaCl,
1 mM EDTA,
10 mM imidazole

DSC, CD 99 0.92

CL fragment (residues 109-212) of Igλy

(one domain)
H. sapiens 104 61( 0.5 66.5( 0.9 1.8 7.5 0.01 M Na3PO4,

0.15 M NaCl
CD, Fl ∼100

thyroid transcription factor 1 homeodomainz

(TTF-1HD) (one domain)
rat 61 42.8 25.41 0.34 7.5 10 mM NH3HPO3 CD, Fl ∼100

Kunitz type soybean trypsin inhibitor (STI)aa

(one domain)
soybean 181 59.0 102.5( 1.4 2.6( 0.1 7.0 20 mM phosphate

buffer
DSC ∼100 0.91( 0.04

flavodoxin (apo form)bb (one domain) AnabaenaPCC 7119 168 57.3( 0.1 63.1( 0.7 1.34( 0.02 7.0 50 mM Na3PO4

buffer
DSC, CD,

NMR
>90 1.00( 0.04
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thioredoxincc (one domain) E. coli 108 87.0 106.9( 1.1 1.66( 0.05 7.0 0.01 M phosphate
buffer, 0.1 M
NaCl

DSC >90 ∼1.0

MetJdd (dimer with one domain per
monomer)

E. coli 104 per
monomer

53.2( 0.2 120.7( 6.7 2.13 7.0 25 mM KPi,
100 mM KCl,
1 mM DTT

DSC ∼100 0.97( 0.09

agglutinin (ASAI)ee (dimer with one domain
per monomer)

Allium satiVum(garlic) 106, 109 66.4 174.1 3.41( 0.32 7.5 20 mM PBS DSC, CD g90 1.01

ADA2hff (one domain) human 80 77.0 47.6 0.86( 0.33 7.0 50 mM phosphate
buffer

DSC, CD >90 1.0( 0.05

a A summary of the thermodynamic data for proteins in our database. For each protein, its name, number of domains, oligomeric state, source organism, number of residues (Nres), melting temperature (TG),
enthalpy change at the melting temperature (∆HG), heat capacity change (∆Cp), pH, buffer composition and salt concentration, experimental technique(s) used to monitor the Nh D transition, percent
reversibility (rev.) of the transition, and cooperativity ratio (R ) ∆Hcal/∆Hvan’tHoff) of the transition (wherever available) are presented.b PsychrophilicR-amylase. Data from ref49. c SH3 domain-containing
thermophilic protein Sso7d. Data from refs40, 50, and51. d SH3 domain-containing thermophilic protein Sac7d. Data from refs40, 50, and51. Sac7d exhibits a reversible two-state transition in the pH range
of 0-10. e SH3 domain-containing mesophilic protein Btk (Bruton’s tyrosine kinase). Data from refs40, 50, and51. f T. maritimacold shock protein exhibits a two-state Nh D transition over the pH range
of 3.5-8.5. Data from ref52. g Histidine phosphocarrier protein (Hpr) from a mesophilic organism,E. coli. Data from refs23, 53, and 54. h Histidine phosphocarrier protein (Hpr) from a mesophilic
organism,B. subtilis. Data from refs23, 53, and54. i DNA-binding proteinλ repressor. Data from ref55. j Wild-type Barstar exhibits a reversible two-state transition in the pH range of 6.4-8.3. Data from
ref 56. k The protein contains a single disulfide bond linking its N- and C-termini. Data from ref31. l The protein contains a single disulfide bond linking its N- and C-termini. Data from ref31. m The protein
contains a single disulfide bond linking its N- and C-termini. Data from ref31. n Ribonuclease T1 contains two disulfide bonds. The data are for Gln25 Rnase T1 from ref 57. o Ribonuclease A. Data from
ref 32. p B. intermediusribonuclease. The protein exhibits a reversible two-state transition in the pH range of 4.0-7.0. Data from refs23 and58. q E. coli maltose binding protein (MBP). Data from ref59.
r Porcine odorant binding protein is a homodimer. Data from ref60. s Rop is a four-helix bundle. Each subunit contains twoR-helices. Data from ref61. t Staphylococcal nuclease. Data from ref62.
u Ferricytochromeb562 is a four-helix bundle. Data from ref63. V Arc repressor is a homodimer. Data from ref64. w The biologically active state of glutamate dehydrogenase fromT. maritimais a homohexamer.
Each subunit contains two domains. The data presented here correspond to the second domain of this enzyme. The thermal unfolding of this domain is highly reversible in the pH range of 5.9-8.0. Data from
ref 65. x The H2A-H2B dimer is part of the histone octamer (nucleosome core particle). The data used here are for a 14 kDa monomeric unit of the histone H2A-H2B dimer from ref66. The value ofR
was calculated from∆H(T°) values at pH 7.5 given in Table 2 of ref66. y A domain consisting of residues 109-212 from the CL fragment of Igλ. Data from ref67. z Rat thyroid transcription factor 1 is a
homeodomain. Data from ref33. The value of∆Cp reported by the authors is 0.08 kcal mol-1 K-1. However, this value appears to be incorrect. The recalculation of∆Cp from the other data in the paper yields
a value of 0.34 kcal mol-1 K-1. We have used this value in our analysis.aa Kunitz type soybean trypsin inhibitor. Data from ref68. bb Flavodoxins areR/â proteins. Data from ref69. The protein is stable
in the pH range of 6-11. For the pH range of 6-9, rev.) 50-60%. But if heating is stopped before the melting temperature, it is>90%. cc E. coli thioredoxin. Data from ref70. The value ofR was judged
to be∼1.0 from the DSC scans of thioredoxin shown in Figure 2 of the original reference.dd MetJ is homodimer. Data from ref71. eeASAI is heterodimer. Data from ref72. ff ADA2h is the activation domain
of human procarboxypeptidase A2. Data from ref73.
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Computation of Linear Correlation Coefficients and Their
Statistical Significance. For each pair of parameters (x1 and
y1, x2 andy2, ... xn andyn) on proteins in our database, we
have fitted a least-squares line (y ) mx + c). The linear
correlation coefficient is calculated by (29)

Our data set can be regarded as a sample from protein
populations. Hence, the sampling theory can be used to
determine if the correlations observed in our data set are
also relevant to proteins in general. We formulate the null
hypothesis that the population correlation coefficient (F) for
a given parameter pair is zero (Ho, F ) 0), while the linear

correlation coefficient for the same parameter pair isr (*0)
in our data set. Thet value is computed to test the null
hypothesis with (29)

wheren is the number of proteins in our data set. The null
hypothesis is rejected at 95% (p < 5 × 10-2) or 99.5% (p <
5 × 10-3) levels of confidence if the computedt value is
greater thant0.95 or t0.995for n proteins (29). Rejection of the
null hypothesis for a parameter pair indicates that the two
parameters are likely to be correlated with each other in
proteins.

For 12 single-domain proteins, the null hypothesis is
rejected at the 95% level of confidence if thet value for a
parameter pair is>1.78 (r g |0.5|). The null hypothesis is
rejected at the 99.5% level of confidence if thet value is
>3.06 (r g |0.7|).
RESULTS

General ObserVations. Our database consists of 31 proteins
or protein domains. Twenty-six proteins are derived from
mesophilic organisms; one is from a psychrophile, and four
are from thermophiles (Table 1). Twenty-six proteins are
unique; i.e., they do not have a homologous protein in our
database. Eighteen unique proteins contain single domains;
two are monomers with two domains, and six are dimers
with a single domain per subunit. While most proteins in
our database are small, there are a few exceptions. For
example, theR-amylase and MBP monomers, which contain
two domains, consist of 453 and 370 amino acids, respec-
tively. Similarly, the dimeric proteins OBP and histone
H2A-H2B dimers contain 298 and 255 residues, respec-
tively. Among the single-domain monomeric proteins, STI
and apoflavodoxin are also relatively large, containing 181
and 168 residues, respectively.

Figure 2 shows the protein stability curves. For most
proteins, the temperature range over which the native state
is stable (TG - T′G) is around 100 K. However, there are
two exceptions,R-amylase (TG - T′G ∼ 53 K) and MBP
(TG - T′G ∼ 57 K). Consistent with their large sizes, both
have high values for∆HG (large slope) and∆Cp (large
curvature). Consequently, their stability curves are narrower
(Figure 2).

The stabilities of proteins at the living temperatures of their
source organisms are usually smaller than the maximal
protein stabilities. Among homologous proteins, protein
stabilities at the respective source organism living temper-
atures remain relatively constant (8). The proteins we studied
derive from mesophilic and (hyper)thermophilic sources

FIGURE 2: Protein stability curves for 31 proteins in our database that show a reversible two state Nh D transition at or near neutral pH.
Twenty-six of these proteins are unique. In each plot, theX-axis represents temperature,T (kelvin), and theY-axis represents∆G(T) (kilocalories
per mole). For each stability curve, its lower and upper bounds are also plotted using the available experimental errors in∆HG, ∆Cp, and
TG. Additionally, there are two (cyan and magenta) vertical lines. The magenta line is drawn at room temperature (298 K). The cyan line
is drawn at the temperature of maximal stability (TS) of each unique protein. We have presented the protein stability curves of the homologues
of a unique protein in the same plot. In such cases, the cyan line corresponds to theTS of the unique protein selected in our database. (a)
Thirteen unique monomeric proteins that contain a single domain. To aid in a direct comparison across the plots, the axes of all plots,
except for the Sso7d family, have similar ranges. For the Sso7d family, theX-axis has a greater range. (b) Two monomeric proteins that
contain two domains each and five dimeric proteins that contain a single domain per subunit. The axes of all the plots have similar ranges.
The protein stability curves in sections a and b present 20 (of 26) unique proteins which are maximally stable around room temperature.
(c) Six unique proteins that are maximally stable away from room temperature (TS < 273 K). The ranges of the axes are similar for plots
of the Rnase Sa family, Rnase T1, and Rnase A. However, the ranges of the axes differ for plots of TTF-1HD, binase, and odorant binding
protein (OBP).

Table 2: Hydrophobicity Values and Hydrophobic Folding Units
(HFUs) in Proteins in Our Databasea

protein
PDB
entry

resolutionb

(Å)
hydrophobicity

(%)
no. of
HFUs

R-amylase 1AQH 2.0 87 3
Sso7d 1SSO 71 1
Sac7d 1SAP 72 1
EcHPr 1POH 2.0 76 1
BsHPr 2HID 80 1
λ-repressor6-85 1LMB 1.8 76 1
barstar 1A19 2.76 80 1
Rnase Sa 1RGG 1.2 75 1
Rnase T1 9RNT 1.5 82 1
Rnase A 1AQP 2.0 79 1
binase 1BUJ 77 1
MBP 1OMP 1.8 85 2
OBP 1A3Y 2.25 82 2
ROP 1ROP 1.7 80 2
Snase 1EY0 1.6 79 1
FeCytb562 1QPU 79 1
Arc repressor 1ARR 76 1
GDH domain II 1B26 3.0 82 1
H2A-H2B dimer 1EQZ 2.5 79 2
CL fragment 1A8J 2.7 82 1
TTF-1HD 1FTT 66 1
K-STI 1AVU 2.3 80 1
apoflavodoxin 1FTG 2.0 86 1
thioredoxin 2TRX 1.68 79 1
MetJ dimer 1CMB 1.8 81 2
ASAI 1BWU 2.8 84 2
ADA2h 1AYE 1.8 72 1

a Hydrophobicity and number of hydrophobic folding units (HFU)
for proteins in our database for which three-dimensional structures are
available in the Protein Data Bank (26). Wherever our database has a
domain (e.g., GDH domain II) or fragment [e.g., CL fragment (residues
109-212) of Igλ] rather than the full protein, the relevant atomic
coordinates were extracted from the PDB. Note that TTF-1HD has a
lower hydrophobicity than most of the proteins in our database.b The
resolution of the structure if determined by X-ray crystallography.

r )
n∑xy - (∑x)(∑y)

x[n∑x2 - (∑x)2][n∑y2 - (∑y)2]
(5)

t ) rxn - 2/x1 - r2 (6)

Maximal Protein Stability Biochemistry, Vol. 41, No. 17, 20025367



where the living temperatures of the source organisms (TL)
are invariably greater thanTS, the temperature of maximal
protein stability. Similarly,R-amylase from the psychrophilic
bacteriumA haloplanctishas a lower stability [∆G(TL) )
6.0 kcal/mol] at theTL (273K) of the bacterium than the
maximal protein stability [∆G(TS) ) 10.3 kcal/mol] atTS

(290 K). Table 3 presents the thermodynamic characteristics
of the 26 unique proteins. The average temperature of
maximal protein stability is 283( 21 K. This observation
is similar to that of Rees and Robertson (19). Figure 3 plots
the distribution of the temperatures of maximal stability (TS)
for the 26 unique proteins. The distribution can be divided
into two distinct categories. The first category contains 20
(∼77%) unique proteins. All are maximally stable at tem-
peratures above 273 K (range of 274-307 K, TS

av ) 293 (
8 K). Consistently, their stabilities at room temperature
[∆G(298 K)] are similar to their maximal stabilities [∆G(TS)].
Proteins in the second category are maximally stable at
temperatures away from room temperature. There are six
(∼23%) unique proteins in this category, all withTS values
below 273 K (range of 217-267 K, TS

av ) 252 ( 18 K)
(Table 3 and Figure 3). Here, protein stabilities at room
temperature differ from the maximal protein stabilities (Table
3). Below, we describe the characteristics of the proteins in
these two categories.

Proteins with Maximal Stabilities around Room Temper-
ature.Among the 20 unique proteins with average temper-
atures of maximal stability (TS

av) around room temperature,
R-amylase is from a psychrophile and SSo7d, TmCsp, and
TmGDH domain II are from thermophiles. The remaining
16 proteins are from mesophiles. Recently, we have com-
pared the thermodynamic properties among five families of
homologous thermophilic and mesophilic proteins (8). In that
analysis, too, both thermophilic and mesophilic proteins were

maximally stable around room temperature. Hence, it appears
that the majority of reversible two-state folding proteins are
maximally stable around room temperature irrespective of
the optimum living temperatures of their source organisms.

The 20 unique proteins have different sizes (number of
residues), amino acid sequences, and three-dimensional

Table 3: Derived Thermodynamic Characteristics for 26 Unique Proteins in Our Database

protein
∆SG

(cal mol-1 K-1)
T′G
(K)

TS

(K)
∆G(TS)

(kcal/mol)
∆G(298 K)
(kcal/mol)

R-amylase 751.1 264 290 10.3 9.3
Sso7d 170.9 201 282 8.0 7.7
TmCsp 176.3 253 303 4.8 4.7
BsHPr 167.7 256 300 4.0 4.0
λ-repressor6-85 205.8 244 286 4.6 4.3
barstar 209.3 244 293 5.7 5.6
Rnase Sa 302.9 209 263 9.1 5.8
Rnase T1 296.5 216 267 8.4 5.6
Rnase A 305.4 186 257 12.5 8.8
binase 358.3 120 217 21.8 10.3
MBP 718.1 279 307 10.7 9.6
OBP 273.1 180 257 12.2 9.2
ROP 402.7 243 292 10.8 10.6
Snase 294.5 246 285 6.2 5.5
FeCytb562 276.2 268 303 5.2 5.1
Arc repressor 217.0 246 286 4.6 4.2
GDH domain II 204.8 252 296 4.9 4.9
H2A-H2B dimer 184.3 236 285 4.9 4.6
CL fragment 199.0 266 299 3.5 3.5
TTF-1HD 80.4 188 249 2.8 1.3
STI 308.6 259 295 5.9 5.8
apoflavodoxin 191.0 245 287 4.3 4.0
thioredoxin 296.8 246 301 9.0 9.0
MetJ dimer 369.9 225 274 9.9 7.8
ASAI 512.7 247 292 12.5 12.3
ADA2h 135.9 251 299 3.6 3.6
mean 292.7( 159.5 233( 35 283( 21 7.7( 4.2 6.4( 2.7
range 80.4-751.1 120.4-278.6 217-307 2.8-21.8 1.3-12.3
median 274.7 245 288 6.0 5.6

FIGURE 3: Distribution of the temperature of maximal stability (TS)
for 26 unique proteins in our database. TheX-axis denotes the
protein number, and theY-axis denotesTS. Three horizontal lines
denote 273 (freezing point of water), 298 (room temperature), and
315 K. Most proteins in our database haveTS values around room
temperature. Twenty of the 26 unique proteins haveTS values within
the range of 273-315 K. The protein stability curves of these 20
unique proteins are shown in panels a and b of Figure 1. Six unique
proteins haveTS values of<273 K. These proteins are numbered
1-6 in the plot. These proteins are (1) binase, (2) TTF-1HD, (3)
OBP, (4) Rnase A, (5) Rnase Sa, and (6) Rnase T1. The protein
stability curves of these six proteins are shown in Figure 2c.
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structures. Of these 20 unique proteins, 13 are monomers
with single domains (Table 1 and Figure 2a). The remaining
seven proteins contain two domains. Two of these seven are
monomers, and five are dimers with a single domain per
subunit (Figure 2b). The average temperature of maximal
stability (TS

av) for these 13 single-domain proteins is 295(
7 K (22 ( 7 °C). TheTS

av for the remaining seven is 289(
10 K (16 ( 10 °C). Hence, the maximal stability tempera-
tures of the single-domain proteins are slightly closer to room
temperature than those of the two-domain proteins. This
observation is also supported by visual examination of panels
a and b of Figure 2. The differences in the average
temperatures of maximal stability between single- and two-
domain proteins may be interpreted in terms of the differ-
ences in protein architecture. A recent hydrophobic effect-
based computational procedure for protein folding describes
a protein structure as consisting of a combination of
hydrophobic folding units (HFUs). An HFU has a sufficiently
large buried hydrophobic core and is capable of an inde-
pendent thermodynamically stable existence (27, 28, 30).
HFUs may (or may not) coincide with the structural domains
in a protein. Twelve of the 13 single-domain proteins in our
database for which structures are available contain a single
cooperative HFU (Table 2). The 13th [T. maritimacold shock
protein (TmCsp)] also most likely contains a single HFU as
indicated by the structures of the homologous cold shock
proteins fromE. coli, B. subtilis, andBacillus caldolyticus.
On the other hand, five of the seven two-domain proteins
contain two HFUs. The psychrophilicR-amylase contains
three HFUs, and the Arc repressor dimer contains a single
HFU spanning the interface (Table 2). The presence of more
than one cooperative HFU in most of the two-domain
proteins may have affected the stability curves of these
proteins.

Proteins with Maximal Stabilities Away from Room
Temperature. Six unique proteins have their maximal stabili-
ties below 273 K (Rnase Sa, Rnase T1, Rnase A, TTF-1HD,
OBP, and binase). TheirTS

av is 252( 18 K (-21 ( 18 °C).
Binase has significantly different values for all thermo-
dynamic parameters, includingTS, as compared to the other
proteins in our database (Table 3).

The accuracy in the estimate of theTS value of a protein
depends on the accuracies in the estimates ofTG, ∆HG, and
∆Cp (eq 2). TG values are usually accurate to better than
(1%, and the value for∆HG can be determined to ap-
proximately(5% (31). However, there may be considerable
differences in∆Cp values (31). While in general∆Cp is taken
to be independent ofT, Privalov (2) has shown that it
decreases slightly at low and high temperatures. In our
database, the errors in estimates ofTG and ∆HG are quite
small, wherever such data are available. This is not always
the case for∆Cp. The error estimates for∆Cp values are
available for 24 of the 31 proteins in our database (Table
1). Nineteen of these 24 are unique proteins. For 16 of the
24 proteins, the errors in the∆Cp values are within 10%.
For five proteins (barstar, MBP, ROP, ferricytochromeb562,
and TmGDH domain II), the estimated errors in∆Cp values
are in the range of 10-21%. A visual examination of the
stability curves (Figure 2) of these 21 proteins shows that
the errors in the∆Cp values do not significantly affect the
values ofTS. These 21 proteins include 14 of the 20 unique

proteins withTS values around room temperature and three
(Rnase Sa, Sa2, and Sa3) of the six unique proteins withTS

values away from room temperature. The errors in the
estimates of∆Cp are greater than 25% for the remaining
three of the 24 proteins [27.1% for binase, 34.7% for OBP,
and 38.4% for ADA2h (Table 1)]. All three are unique
proteins. The large uncertainties in their∆Cp values signifi-
cantly affect theirTS values (Figure 2). Two of these proteins
(binase and OBP) are among the six unique proteins with
TS values below 273 K (Figure 2c). The third protein,
ADA2h, is maximally stable at 299 K.

In the literature, the reported∆Cp values for Rnase A lie
in the range of 1.0-2.3 kcal mol-1 K-1 (23, 32). In our work,
we have taken the∆Cp of Rnase A to be 1.15( 0.09, as
suggested by Pace et al. (32). However, if we had taken a
literature average value of 2.0( 0.24 for the∆Cp of Rnase
A (Table 1 in ref32), then theTS of Rnase A would have
been 287.5 K, with the same values ofTG and∆HG.

Thyroid transcription factor 1 homeodomain (TTF-1HD)
appears to have lower hydrophobicity (66%, Table 2). The
hydrophobicity essentially measures the extent to which the
nonpolar surface of a protein is buried in its core. On average,
its value is in the range of 75-85%. Hence, the hydrophobic
effect appears to be weaker for TTF-1HD. In the original
paper reporting the thermodynamic data for this protein,
Damante et al. (33) have noted the structural disorder in TTF-
1HD, particularly in the recognition helix C-terminal region.
The protein stability curve of TTF-1HD (Figure 2c) and the
thermodynamic stability data presented in Tables 1 and 2
indicate low stability for this protein at room temperature.
This was also reported by the original investigators (33).
Damante et al. (33) have further reported a value of 0.08
kcal mol-1 K-1 for both ∆Cp and∆SG. We found that this
value is correct for∆SG by dividing ∆HG (25.41 kcal/mol)
by TG (316 K). Hence, we have calculated the value of∆Cp

for TTF-1HD by substituting values for∆G, TG, and∆HG

from the original report (33) into the Gibbs-Helmholtz
equation. For this purpose, we have used the∆G value (1.26
kcal/mol) determined by Damante et al. (33) from urea
denaturation experiments at 25°C. The calculated value of
∆Cp for TTF-1HD is 0.34 kcal mol-1 K-1. We have used
this value of∆Cp to plot the stability curve for TTF-1HD.

We do not have an adequate explanation for the remaining
two proteins, Rnase Sa and Rnase T1. At the same time, we
also notice that theTS values for these proteins [267 K (-6
°C) for Rnase T1 and 263 K (-10 °C) for Rnase Sa] are
closer to the 273 K mark (Table 3 and Figure 3). Rnase Sa
has a hydrophobicity of 75% and Rnase T1 82%. Both
proteins contain single hydrophobic folding units (HFUs)
(Table 2). The estimated error in∆Cp for Rnase Sa is∼6%
(Table 1,∆Cp for Rnase Sa) 1.52( 0.09 kcal mol-1 K-1)
and does not affect itsTS value (Figure 2c). The data on the
error in ∆Cp for Rnase T1 (1.59) are not available in Table
1. Pace et al. (31) have estimated the energetic contributions
of the hydrophobic effect and the intramolecular hydrogen
bonding toward the conformational stabilities of Rnase Sa,
Rnase Sa2, Rnase Sa3, Rnase T1, barnase, and Rnase A
(Table 5 in their paper). Both factors contribute significantly
(with roughly equal magnitudes) to the stabilities of these
ribonucleases. This evidence appears to indicate a relatively
lesser role for the hydrophobic effect in the folding of these
proteins.
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Taken together, these observations indicate that proteins
may have maximal stability temperatures (TS) away from
room temperature due to uncertainties in their∆Cp values,
a relatively weaker hydrophobic effect, and/or stronger
electrostatic interactions.

Correlations among Various Thermodynamic Parameters.
The finding that most reversible two-state proteins are
maximally stable around room temperature provides an
opportunity to examine whether the variations in the
thermodynamic parameters across different proteins are
correlated. Analysis of such correlations bears on aspects of
protein folding and stability and on thermal adaptation of
the proteins to the living temperature of their respective
source organism. We have performed linear regression
among various thermodynamic parameters for the single-
domain proteins that are maximally stable around room
temperature. The thermodynamic formalism of the reversible
two-state N h D transition applies most adequately to
proteins that contain a single hydrophobic cooperative folding
h unfolding unit.

We have taken 12 of the 13 single-domain proteins whose
protein stability curves are shown in Figure 2a. ADA2h has
not been included in this analysis because of a large error in
its ∆Cp value (Table 1 and previous section). Table 4 presents
the average characteristics of these 12 single-domain proteins,
and Table 5 summarizes the biologically meaningful and
statistically significant correlations observed among the
thermodynamic parameters of these proteins. The signifi-
cance of the correlation among any two parameters is
measured by thet test (see Materials and Methods). All the
parameter pairs listed in Table 5 exhibit correlations that are
significant at least at the 95% level of confidence (r g 0.5,
p < 5 × 10-2). For the parameter pairs shown in bold, the

correlation is significant at the 99.5% level of confidence
(r g 0.7, p < 5 × 10-3).

Consistent with our observations described above, there
are no significant correlations ofTS with Nres (number of
residues) or with the various thermodynamic parameters.
Table 5 illustrates thatTG is positively correlated with∆hG,
∆sG, and∆g(TS). ∆hG, ∆sG, and∆g(TS) were obtained by
normalizing∆HG, ∆SG, and ∆G(TS), respectively, byNres

for each protein. The normalization removes artifacts due
to the differences in the protein size.∆hG and ∆sG are
positively correlated with∆g(TS). We also observe a negative
correlation betweenTG and∆Cp. The correlation coefficients
for the parameter pairsTG and∆hG (r ) 0.69) andTG and
∆Cp (r ) -0.63) are significant at the 95% level of
confidence but not at the the 99.5% level. Panels a and b of
Figure 4 plot these parameter pairs. The correlations between
the parameter pairsTG and∆g(TS) (r ) 0.86) and∆hG and
∆g(TS) (r ) 0.84) (panels c and d of Figure 4, respectively)
are significant at the 99.5% level of confidence. The plots
in panels c and d of Figure 4 for the parameter pairsTG and
∆g(TS) and ∆hG and ∆g(TS) show one outlier each, the
hyperthermophilic protein Sso7d. After Sso7d had been
removed, the linear correlation coefficients for the two
parameter pairs are 0.76 and 0.92, respectively. Taken
together, these correlations may have significant implications
for the temperature adaptation shown by thermophilic
proteins (see the Discussion).

The protein size (Nres) shows strong negative correlations
with ∆hG, ∆SG, and∆g(TS) (Table 5 and Figure 5). All these
negative correlations are significant at the 99.5% level of
confidence. The negative correlation betweenNresand∆g(TS)
is also significant for the seven two-domain proteins whose
stability curves are shown in Figure 2b. These results indicate
that there may be an upper limit to maximal protein stability
independent of the protein size. Consistently, we observe
no significant correlation betweenNres and∆G(TS).

DISCUSSION

Here, our premise is simple. It is based on two main pieces
of evidence. First, the hydrophobic effect is the major force
driving protein folding (14, 15). Second, the solubilities of
small organic solutes and hydrophobic amino acids in water
are minimal at (around) room temperature, and the hydro-
phobic effect is the strongest in this temperature range (16,
17). Hence, we can expect that globular proteins with
reasonably large hydrophobic cores should be maximally
stable around room temperature. Nonhydrophobic, e.g.,
electrostatic and disulfide interactions, may also contribute
significantly toward protein stability (34). The relative extents
to which the hydrophobic effect and the electrostatic interac-
tions contribute to protein stability are controversial. Ac-
cording to Pace et al. (12, 13, 31), both hydrophobic
interactions and intramolecular hydrogen bonding make large
but comparable contributions to protein stability. On the other
hand, a simple calculation by Schellman (16) has shown that
approximately 75% of protein stability at room temperature
derives from the hydrophobic effect. Clearly, the relative
strengths of these interactions are likely to vary with the
protein sequence. Hence, we cannot expect to see an exact
coincidence between room temperature and theTS values
for proteins. We find that 20 of the 26 unique proteins in
our database are maximally stable around room temperature.

Table 4: Average Characteristics of 12 Single-Domain Proteins

parameter mean value range median value

Nres 113( 40 62-181 105
TG (K) 343 ( 14 326-371 342
T′G (K) 248 ( 17 201-268 249
TS (K) 294 ( 8 282-303 296
∆HG (kcal/mol) 77.0( 17.6 58.1-106.9 69.1
∆Cp (kcal mol-1 K-1) 1.58( 0.58 0.62-2.60 1.42
∆SG (cal/mol) 225.1( 53.1 167.7-308.6 205.3
∆G(TS) (kcal/mol) 5.5( 1.6 3.5-9.0 5.1
∆G(298 K) (kcal/mol) 5.3( 1.6 3.5-9.0 5.0

Table 5: Correlations among Various Parameter Pairs in 12
Single-Domain Proteinsa

parameter pair r t value parameter pair r t value

TG and∆hG 0.69 3.01 Nresand∆hG -0.80 -4.22
TG and∆sG 0.59 2.31 Nresand∆sG -0.79 -4.07
TG and∆Cp -0.63 -2.57 Nresand∆g(TS) -0.71 -3.19
TG and∆g(TS) 0.86 5.33 Nresand∆Cp 0.62 2.50
∆hG and∆g(TS) 0.84 4.90 ∆HG and∆Cp 0.78 3.94
∆sG and∆g(TS) 0.78 3.94 ∆SG and∆Cp 0.85 5.10

a The significance of a correlation for a parameter pair is given by
its t value. The procedure for computing thet values is described in
Materials and Methods. The correlations for all parameter pairs shown
here are significant at theg95% level of confidence. The correlations
for parameter pairs shown in bold are significant at the 99.5% level of
confidence. Values of∆hG, ∆sG, and ∆g(TS) were obtained by
normalizing∆HG, ∆SG, and∆G(TS), respectively, by the number of
residues (Nres).
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FIGURE 4: Plots showing correlations among the parameter pairs
(a) TG and∆hG, (b) TG and∆Cp, (c) TG and∆g(TS), and (d)∆hG
and∆g(TS) in 12 single-domain proteins which are maximally stable
around room temperature. For each protein, values of∆hG and
∆g(TS) were computed by normalizing∆HG and ∆G(TS) by the
number of residues (Nres) in the protein, respectively. In each plot,
a least-squares line obtained by regression analysis is shown and
the linear correlation coefficient (r) is indicated in the upper left
corner. In plots c and d, there is an outlier due to high values of
∆g(TS), TG, and∆hG for the hyperthermophilic protein Sso7d. After
Sso7d had been removed from the regression analysis, the linear
correlation coefficients for the rest of the 11 proteins are 0.76 for
TG and∆g(TS) and 0.92 for∆hG and∆g(TS).

FIGURE 5: Plots showing correlations among the parameter pairs
(a) Nres and∆hG, (b) Nres and∆sG, and (c)Nres and∆g(TS) in 12
single-domain proteins which are maximally stable around room
temperature. For each protein, the values of∆hG, ∆sG, and∆g(TS)
were computed by normalizing∆HG, ∆SG, and ∆G(TS) by the
number of residues (Nres) in the protein, respectively. In each plot,
a least-squares line obtained by regression analysis is shown and
the linear correlation coefficient (r) is indicated in the upper left
corner.
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For six unique proteins, theTS values are away from room
temperature. Two of these proteins have large uncertainties
in their estimates of∆Cp values. Recently, Loladze et al.
(35) have also emphasized that∆Cp is the key parameter in
protein thermodynamic studies. According to Pace and his
colleagues, the best estimate of the∆Cp value of a protein
can only be obtained by a global analysis of both chemical
and thermal denaturation data (31). However, few original
experimental reports indicate that such a global analysis has
been performed. Apart from these two proteins, another
protein (TTF-1HD) has a weaker hydrophobic effect and high
local structural disorder along with an unreliable reported
value of ∆Cp. The value of∆Cp is also controversial for
Rnase A (32). For the two remaining proteins, theTS values
are considerably higher. In these proteins, the hydrophobic
effect and intramolecular hydrogen bonding interactions
make large but almost equal contributions (31). Here we
cannot rule out the possibility that proteins withTS values
away from room temperature may have a weaker hydro-
phobic effect and/or stronger electrostatic contributions.

Each protein can be considered an independent thermo-
dynamic system. Therefore, there may not be any correlation
among the thermodynamic parameters of two different
proteins, unless they share a common property. Maximal
stability around room temperature appears to be such a
property. Such an argument is substantiated by evidence. The
temperature of maximal protein stability is independent of
heat and of cold denaturation temperatures, of the living
temperatures of the source organism, and of the sequence
and structural properties of the proteins in our database. Due
to the common maximal stability temperature, the correla-
tions observed among the various thermodynamic properties
of the 12 single-domain proteins (Figures 4 and 5) may be
biologically meaningful.

In principle, to derive the correlations among various
thermodynamic parameters for the proteins, it is essential
that they be determined under identical experimental condi-
tions. However, this is infeasible. Experiments are performed
in different laboratories under different conditions. In our
effort described here, we have been able to collect a highly
homogeneous database (see Data Collection in Materials and
Methods) with a barely sufficient number of proteins to
perform a statistically meaningful analysis. Furthermore, the
differences in the denatured states of the proteins may affect
the observed values of the correlation coefficients among
the thermodynamic parameters. The parameters∆G(TS),
∆HG, and ∆Cp are described in terms of the differences
between the native and denatured states of the proteins, yet
the denatured states are not extended random coils. They
may have a considerable extent of residual structural content
with some nativelike topology (36). This may affect the
experimental values, especially∆Cp since it is related to the
nonpolar surface area buried upon protein folding (37-39).
In a database containing unique proteins, these errors are
likely to be random since the denatured states of different
proteins will have different residual structural contents.
Unfortunately, there is no way of accounting for the effect
that these errors may have. It is, therefore, remarkable that
we observe the correlations despite these potential sources
of errors.

In our previous statistical analysis of 19 homologous
thermophilic and mesophilic two-state proteins in five

different families (8), we did not observe a correlation
betweenTG and ∆Cp. However, the thermophilic proteins
had lower∆Cp values than their mesophilic homologues in
three of the five families. In one family, the∆Cp value for
the thermophilic protein was similar to that of its mesophilic
homologues. In the fifth family, the∆Cp values for thermo-
philic and mesophilic proteins were not experimentally
determined (8). Statistical differences in the data used in the
previous and present studies, the availability of limited data
for both studies, and the relatively larger uncertainties in
experimental∆Cp values may be responsible for this differ-
ence between our two studies. Furthermore, we have been
able to uphold higher-quality thermodynamic data in the
study presented here (see Materials and Methods).

The correlations seen in the 12 unique single-domain
proteins yield a consistent picture with regard to protein
temperature adaptation. Previously, three potential mecha-
nisms for achieving a greater temperature resistance in
proteins have been suggested (19, 40-43). First, maximal
protein stability [∆G(TS)] is greater for thermophilic proteins,
resulting in an upshift of their protein stability curves.
Second, thermophilic proteins may have∆G(TS) values
similar to those of their mesophilic homologues, but their
protein stability curves may be broader. Third, we may
observe a simple left to right shift between the protein
stability curves of the thermophilic and mesophilic proteins.
Any mechanism must satisfy the condition that protein
stability at the respective organism living temperature remain
almost constant (8). Our current results suggest that the third
mechanism may not be favored if it involves a significant
deviation of the proteinTS away from room temperature.
The positive correlations amongTG, ∆hG, and∆g(TS) and
the negative correlation betweenTG and∆Cp suggest that a
combination of the first and second mechanisms may be
favored. Hence, proteins may achieve greater temperature
resistance by broadening and upshifting their protein stability
curves such that their temperatures of maximal stability still
remain around room temperature. Consistently, in our
previous analysis, we observed that protein stability curves
of thermophilic proteins are upshifted and broader than those
of their mesophilic homologues (8).

These observations are consistent with studies on ther-
mophilic proteins (44, 45). Analyses of derived amino acid
sequences of the completed genomes of (hyper)thermophilic
organisms indicate that these proteins tend to be shorter (refs
44 and 45 and references therein). A smaller number of
residues indicates lower∆Cp values for the thermophilic
proteins. At the same time, both the proteome-wide com-
parisons of thermophilic and mesophilic proteins and the
sequence and structural comparisons of families containing
homologous thermophilic and mesophilic proteins show a
greater occurrence of charged residues in the thermophilic
proteins. This yields a larger number of electrostatic interac-
tions such as salt bridges and their networks (8, 44-46).
Formation of these specific interactions would result in
increased∆HG values for the thermophilic proteins (8, 45).
Hence, while the hydrophobic effect is dominant in the
folding of both thermophilic and mesophilic proteins, the
contribution due to electrostatic interactions is significant for
the thermophile-mesophile protein stabilitydifferentials.

Our results also show that the enthalpic and entropic
change at the melting temperature as well as the maximal
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protein stability per amino acid decrease with an increase in
protein size (Figure 5). This suggests an upper limit for
maximal protein stability. In general, maximal protein
stabilities∆G(TS) tend to be on the order of 10 kcal/mol
(31, 47). We observe the same range for proteins in our
database, irrespective of size. A positive correlation between
Nres and∆Cp is well-known for proteins (37, 39). A greater
value of ∆Cp would result in a smaller value for∆G(TS),
since∆G(TS) is given by (1, 2)

Consistently, Liang and Dill (48) have illustrated that larger
proteins tend to be more loosely packed than smaller ones.
Considerations of function may require such an upper limit
to ∆G(TS) values for proteins.

CONCLUSIONS

Consistent with the hydrophobic effect being both the
major force in protein folding and the strongest at room
temperature, we observe that more than three-fourths of the
proteins in our database are maximally stable around room
temperature. In the remaining proteins, the temperatures of
maximal protein stability deviate from room temperature due
to uncertainties in the estimated values of∆Cp, a weaker
hydrophobic effect, and/or stronger electrostatic interactions.
The requirement of keeping the maximal stability around
room temperature results in correlated variations in the
thermodynamic parameters across different proteins. These
correlations suggest a possible mechanism for thermal
adaptation of proteins to the living temperatures of their
source organism. Further, there may be an upper limit for
maximal protein stability, regardless of protein size.
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